In this study, a new combined model presented to study the flow and discrete phase features of nano-size particles for turbulent convection in a horizontal tube. Due to the complexity and also many phenomena involved in particle- 
Introduction
The main advantage of mixing ultrafine particles with a fluid is concerned to the enhancement of heat transfer in convective flows. This can happen only in certain circumstances depending on the type of the flow and particles.
Therefore, modelling and numerical methods can be appropriate tools for predictions of heat transfer and pressure loss when there is no experimental data.
Improvement and deterioration in heat transfer by particle-fluid flows were both reported by researchers in forced convection flows for different geometries. For instance, in the laminar and turbulent flow of heat exchangers [1] [2] [3] [4] [5] , horizontal and vertical tubes [6] [7] [8] [9] [10] [11] [12] [13] [14] , microchannel [15] [16] [17] , etc. Bajestan et al. 1 considered the Brownian motion as the dominant mechanism of heat transfer in laminar flow.
He et al. 10 and Sonawane et al. , Mahdavi et al. 28, 29 , Rashidi et al. 30 and Shirvan et al. 31 employed discrete model for nano-size particles in different flows. They considered drag, lift, Brownian, virtual mass, pressure gradient and thermophoretic forces acting on a single particle. The default model from a CFD software was used in the simulations with no modified equations. Since the phenomena in nanoscale are totally different than micro-scale, for example, the electrostatic adhesive and repulsive forces are important in particle-particle and particle-wall in contact. This is not considered in the DPM and further developments are required for this case as well as cluster formation.
The main approaches in nanofluid simulations were presented in this section as a mixture and discrete phase. The literature review showed that most of the numerical modellings were conducted via these methods and only some of them were referred in this section as examples. It can also be concluded that both models considered some essential aspects of simulations, but not the entire. In this study, a novel method is used to combine those above-mentioned approaches for particle-fluid flow. Alumina and zirconia nanofluids are chosen as heat transfer fluids in turbulent convective flow in a tube. The implemented equations are critically explained and the numerical procedure is subsequently described.
Mathematical description of equations and implementation

Physics of the Problem
The developed model in this report is compared to experimental measurements from Williams et al. 
Discrete phase modelling
A representative particle in each computational cell is solved in the Lagrangian frame and extended to other particles. The force balance equation of motion for particles is as follows:
The interaction forces in particle motion equation are briefly explained here: Drag force 33 , which is valid for any ranges of Reynolds number:
Lift force 34 :
where   is the shear rate mainly important at the vicinity of the walls. The other form of lift force can be found in Saffman 35 . However, this correlation can be used for particles smaller than micro-size.
Pressure gradient and virtual mass forces 36 :
Magnus force: the particle angular velocity, p  , can be obtained from particle conservation of angular momentum equation 37, 38 :
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The general form of Magnus lift force can be written as: 
where A p and C ML are projected particle surface area and rotational lift coefficient respectively. This correlation is valid for p
Re 2000 
. Thermophoretic force 39 :
Brownian motion force. The default form of Brownian force is as follows 40 :
where i  is the unit variance random number produced by a Gaussian white noise process.
The following equation is chosen and implemented for Gaussian white noise function 41, 42 : 
Heat transfer equation
Conservation of energy for a particle can be expressed and implemented as follows 43 :
where m c is the mass of the fluid occupying the particle place. The first term on the right-hand side (material derivative) is the variation of internal energy of the fluid being in the place of the particle. This term is similar to the virtual mass term in force balance equation of the particles. The second term is obviously due to heat conduction from the surface of the nanoparticle. The solution of this ODE will be:
Particles migration due to turbulent eddies
The effects of fluctuating velocity on particles trajectory are modelled using discrete random walk model developed by Bayazit 44 . The random fluctuating value of velocity during eddy lifetime is defined as:
where  is the randomly distributed number from Gaussian pdf and interaction between the eddy and the particle occurs during the minimum of two characteristic times, the lifetime of the eddy and particle eddy crossing time. At the end of the period, a new location for the particle is calculated. Further discussion about the stochastic dispersion of particles can be found in Shuen et al. 45 .
Fluid flow equations
Since the presence of particles influences the governing equations for fluid flow, a few assumptions are made in this section to provide proper forms of equations.
1. Continuity equation remains the same as a single phase.
2. Particles diffusion should be presented in energy equation due to considerable impacts on heat transfer.
3. Brownian, thermophoretic and turbulent diffusions are considered as mass diffusion terms on the right-hand side of energy equation.
With the above-mentioned assumptions, the governing equations are:
.
where b D , t  and T D are particle diffusion coefficients for concentration, turbulence and thermophoresis, respectively. C is the particles concentration.
The transport equations for the turbulent kinetic energy ( ), dissipation rate (ɛ) and viscosity based on    Realizable model are as follows 46 :
where S and 3 C  are the rate of strain tensor and degree to which  is influenced by the buoyancy, respectively. 0 A , * U and s A are functions of the mean rate of strain tensor.
Turbulent diffusivity plays the most significant role in heat transfer. Three methods are suggested to calculate particle turbulent diffusion as:
1. Since the transport mechanism is the same in mass, momentum, and energy, the particle turbulent diffusivity can be estimated as eddy diffusivity or turbulent thermal diffusivity 47 . 
3. In the third method, more particle parameters are involved in the calculation of turbulent diffusivity 46 . The user defined function of this method is implemented in the energy equation. 
where  is the time ratio between the affected time scale of the turbulent eddies ( s  ) and the particle relaxation time ( p  ). C  is assumed constant here and equal to 0.09.
The reasons that the third method was chosen are as follows. Firstly, the values for the first and second methods are at the same order. Secondly, the effect of nanoparticles on the particle turbulent diffusion is pronounced in the third method, by considering the impacts of relative velocity, particles diameter and particle relaxation time.
Each part of the proposed method was used in various types of flow, from particles in any scale to bubbly flows, in different occasions. For instance, a combination of discrete model, Eulerian two-phase model and turbulent diffusivity can be found in literature [48] [49] [50] . Although, only some interactions with conventional heat transfer model were employed.
Mixture properties
The mixture properties of alumina and zirconia nanofluids are presented here
The transport properties for alumina: 
Numerical considerations
ANSYS Fluent 17.0 was employed to simulate particle-fluid flow in this study.
Second order scheme was chosen for energy, momentum, turbulent kinetic energy and turbulent dissipation rate and also PRESTO! for pressure interpolation. The best criterion for the final solution was found to be the balance of heat transfer when it was in less than 2% error.
The realizable two-equation model was used with scalable wall function as the wall treatment model. The other schemes and wall treatment were also examined, but they failed to be in good agreement with the experiments. Also, the convergence was found faster with the suggested schemes and the wall treatment.
Numerical procedure
Due to many modifications in the basic equations, the method of simulation is extensively explained here.
1. At the first step, the flow and energy equations are solved for base fluid in the turbulent regime.
2. When the solution is converged, the Brownian force and particle heat transfer equation are implemented as user-defined functions (UDFs), and discrete phase is solved for one iteration.
3. After particles calculation, the particles turbulent diffusivity is calculated and stored in a memory function.
4. Then, a UDF for a new scalar field is executed and particles concentration distribution is stored in it.
5. An adjust function for temperature is executed to calculate the gradient of temperature.
6. All the fluid properties are changed and implemented based on the new concentration scalar.
7. The source terms for energy equation are implemented as another UDF.
8. The simulation goes on to reach a final acceptable solution.
Results and discussion
The simulation results of alumina and zirconia nanofluids in the turbulent flow are presented in this section and compared to experimental measurements. The validations were conducted for both of heat transfer and friction coefficient. The other interesting aspect of the proposed model in this study is reported in figure 8 . As can be seen, the strength increases with a rise in particle volume fraction and also depending on the type of particles. It means that the gravity plays an important role when the density ratio reaches to almost 6 for zirconia nanoparticles.
a)
Radial displacement of particles released from different radial locations is shown in figure 9 . 
Conclusion remarks
A new method is developed to simulate turbulent forced convective flow for nanofluids. Even though, it can be also used in other types of particle-liquid 
